We theoretically show that a nanoelectromechanical system can be mechanically actuated by a heat flow through it via an electron-electron interaction. In contrast to most known actuation mechanisms in similar systems, this new mechanism does not involve an electronic current nor external ac fields. Instead, the mechanism relies on deflection-dependent tunneling rates and a heat flow which is mediated by an electronelectron interaction while an electronic current through the device is prohibited by, for instance, a spin-valve effect. Therefore, the system resembles a nanoelectromechanical heat engine. We derive a criterion for the mechanical instability and estimate the amplitude of the resulting self-sustained oscillations. Estimations show that the suggested phenomenon can be studied using available experimental techniques. DOI: 10.1103/PhysRevLett.117.247701 In nanoelectromechanical systems (NEMS), the motion of a mechanical object can be significantly affected by single-electron phenomena [1] [2] [3] [4] [5] [6] . In particular, it has been shown that such phenomena can be utilized to achieve ground state cooling of the mechanical motion [7] [8] [9] . On the other hand, these phenomena also allow for the actuation of the mechanical motion [10] . The study of actuated motion offers possibilities to investigate the multifaceted nonlinear dynamics of NEMS [11] [12] [13] .
In nanoelectromechanical systems (NEMS), the motion of a mechanical object can be significantly affected by single-electron phenomena [1] [2] [3] [4] [5] [6] . In particular, it has been shown that such phenomena can be utilized to achieve ground state cooling of the mechanical motion [7] [8] [9] . On the other hand, these phenomena also allow for the actuation of the mechanical motion [10] . The study of actuated motion offers possibilities to investigate the multifaceted nonlinear dynamics of NEMS [11] [12] [13] .
Many mechanisms of the actuation of mechanical vibration have been suggested. The most straightforward method is to pump energy into the mechanical subsystem using an external ac field with a frequency close to that of the mechanical vibration [1, 10, [14] [15] [16] . However, it is also possible to achieve an actuation without resorting to direct resonance, for which there are two distinct approaches. The first one is to use an external off-resonant high-frequency field to generate sideband transitions in the system [17] , a technique often used in optomechanics [18] . The second approach is to utilize a directed electron flow through the mechanical object, generated by either a bias voltage [8, [19] [20] [21] [22] or a temperature drop [9] between two electronic reservoirs. This approach relies on the fact that mechanical motion induces variations in the average charge (or spin) on the mechanical object. These variations generate an electromechanical feedback force which pumps the mechanical motion. However, if the electron flow is blocked, mechanisms relying on charge or spin current no longer work.
In this Letter, we propose a heat-flow-based actuation mechanism in a system where the charge current is blocked. The heat flow is enabled by the coupling of two thermal reservoirs via an electron-electron interaction. Furthermore, the proposed mechanism actuates vibrations despite the fact that the mechanical motion does not affect the average charge on the mechanical oscillator. This is interesting, since, naively, one would think that in this case there can be no electromechanical feedback. However, we will show that such feedback still exists and results in a conversion from thermal to mechanical energy. Therefore, the system could be seen as a nanoelectromechanical heat engine. We present the actuation mechanism by considering a prototype system which well illustrates the phenomenon and which has a structure analogous to existing devices [23] .
The prototype system ( Fig. 1) consists of a carbon nanotube (CNT) suspended between two electrode leads above a gate electrode. The ends of the CNT are clamped, and it is connected to the leads through high-resistance tunnel barriers. A tip electrode is positioned above the suspended part of the CNT, so that electrons can tunnel also between the tip and the CNT. The CNT is free to oscillate vertically. As the CNT is mechanically deflected toward the FIG. 1. The prototype system. A CNT is suspended between two leads, below a tip electrode and above a gate. The pair of leads and the tip are two completely spin-polarized electron reservoirs with temperatures T ↑ and T ↓ (index according to spin polarization). Electrons can tunnel between the CNT and the reservoirs, but an electron exchange between the two reservoirs is prevented by spin blockade. However, electron-electron interaction couples the two reservoirs, allowing for a heat flow. The tunneling between the tip and the CNT is affected by u, the mechanical deflection of the CNT (black arrow), and u is in turn affected by a capacitive force due to the interaction between the charge on the CNT and the gate. tip, the rate of electron tunneling between them increases exponentially. A charge on the CNT results in a capacitive force toward the gate electrode. In order to prevent a charge current from the tip via the CNT to the leads, we take the tip and leads to be fully spin-polarized half-metals [24] with spin up (↑) and spin down (↓), respectively; see Fig. 1 . The temperature of the two leads is assumed to be set to T ↓ , while the temperature of the tip is T ↑ . Without a loss of generality, we treat the two leads as a single spin-↓ reservoir and the tip as a spin-↑ reservoir. We also assume that electrons do not change spin during tunneling events. Charge transfer between the two oppositely spin-polarized reservoirs is then blocked, and the two spin subsystems would be decoupled if not for the electron-electron interaction. As we will show, the interaction enables a heat flow between the reservoirs when their temperatures are different:
We will model the CNT as an electronic four-state quantum dot (QD). This is motivated by the assumption that the CNT is short enough for the spatial quantization energy to be larger than all considered energies. The four QD states are the charge-neutral state j0i, the two singlepopulated states corresponding to different spin, j↑i and j↓i, and the double-populated state j2i. To understand the nature of the electromechanical feedback, let us first assume that the CNT is static and consider the electronic dynamics. We characterize the state of the electronic system by the four probabilities of finding the QD in each of its four QD states. These probabilities are governed by the probability flows w
between different QD states due to tunneling of electrons between the QD and the reservoirs (Fig. 2 ). In the stationary state, the probability flows are balanced: w σ α ¼ w. As a consequence, there will be a constant counterclockwise flow of probability in Fig. 2 accompanied by a heat transfer from the hot to the cold reservoir. The heat transfer can be visualized by the following steps: (I) a "cold" spin-↓ electron tunnels to the empty QD, (II) a "hot" spin-↑ electron with enough energy to overcome the electron-electron interaction energy U tunnels to the QD, (III) the spin-↓ electron then tunnels back to the cold reservoir, carrying with it the excess energy U, and (IV) the spin-↑ electron returns to its reservoir with lower energy, leaving the QD empty, and a new cycle can begin. This heat flow is entirely mediated by the electron-electron interaction and does not involve any exchange of electrons between the reservoirs. In the stationary regime, the heat flow W is proportional to the flow of probability w and energy of the electron-electron interaction U, W ¼ Uw. Now suppose that we perturb the stationary state by slightly increasing the tunneling rate between the hot reservoir and the QD. This increases the two probability flows w ↑ α . The unaffected exchange of spin-↓ electrons with the cold reservoir then results in bottlenecks in the cycle (Fig. 2) . The bottleneck effect accumulates probability in the double-populated and neutral states while draining the single-populated states by the same amount. Therefore, the average charge on the QD is unchanged; the increased tunneling of spin-↑ electrons to the QD is compensated by the increased tunneling from it. However, the higher probability of double population still increases the capacitive force. The rate of change of the probabilities will be proportional to the probability flow w, and thus to the associated heat flow W ¼ Uw, because of the exponential tunneling dependence on the deflection. The feedback mechanism leading to the electromechanical instability can therefore be understood in the following way. The CNT performs a slight deflection away from its static position toward the tip reservoir (Fig. 1 ). This will mainly affect the electronic dynamics by increasing the spin-↑ tunneling rate due to its strong exponential dependence on the deflection. The bottleneck effect will start to increase the probability of double population and thus the capacitive force toward the gate. However, the electronic response is not instantaneous. Hence, vibrations of the CNT will result in a delayed force which will stiffen and pump the mechanical motion.
The feedback force can be controlled by the temperature difference between the reservoirs. If we swap the temperatures of the two reservoirs, the probability flow in Fig. 2 
to the tip. The feedback force would therefore result in softening and damping of the mechanical motion. Furthermore, increasing the temperature difference increases the heat flow and thus the probability flow between the QD states. This enhances the bottleneck effect, generating a stronger feedback. Therefore, both the direction and the strength of the feedback force can be controlled by adjusting the temperatures of the reservoirs.
In order to mathematically model the system, we assume that the dynamics of the CNT is completely characterized by the amplitude of its fundamental bending mode, i.e., the CNT deflection uðtÞ; see Fig. 1 . We describe the time evolution of uðtÞ as a forced harmonic oscillation:
with mechanical frequency ω, quality factor Q, and effective mass m eff . The force F el is an average force induced by the electronic subsystem, described by the electronic density operatorρ. Here,n σ ¼d † σdσ is the number operator for spin-σ electrons on the QD, wherê d σ andd † σ are the corresponding fermionic annihilation and creation operators, respectively, and, hence, jσi ¼d † σ j0i and j2i ¼d † ↑d † ↓ j0i. We linearize the electronic energies in the mechanical deflection u, motivated by it being small compared to the distance to the gate. The dynamics of the electronic subsystem obeys the quantum Liouville equation
The HamiltonianĤ QD represents the QD,Ĥ R the spinpolarized reservoirs (e.g.,ĉ k;σ is an annihilation operator), andĤ T electron tunneling on and off the QD, characterized by the transition integrals T σ between states in the QD and in the reservoirs. The tunneling coupling T ↑ ðuÞ varies exponentially with the mechanical deflection uðtÞ [19, 20] .
The capacitive backaction force depends on the probability of double occupation P 2 ¼ Trfρn ↑n↓ g and the electronic occupation probabilities n σ ¼ Trfρn σ g ¼ P σ þ P 2 . To calculate these, we use standard techniques [25] [26] [27] to reduce the quantum Liouville equation (3) to rate equations for these probabilities:
valid at high temperatures k B T σ ≫ ℏω; ℏΓ ↑ ; ℏΓ ↓ (see Supplemental Material [28] ). Here, the tunneling rates
where λ is an effective tunneling length. The rates are in agreement with Fermi's golden rule and are for convenience defined at the static mechanical displacement u st which should be found self-consistently (see Supplemental Material [28] ). For brevity, we introduced f σ α ¼ f F ½E σ α ðuÞ=ðk B T σ Þ, where f F is the Fermi distribution function and
Without an electron-electron interaction, Δf σ ¼ 0 and the spin populations decouple. Each occupation probability n σ then simply decays towards equilibrium with its corresponding reservoir. A nonzero electron-electron interaction couples the two spin populations.
The mechanical deflection affects the electron dynamics by changing (i) the tunneling rate between the QD and the tip and (ii) the energies of the QD states. The latter of these effects is capable of generating feedback [5] . However, the first effect is much stronger due to a higher sensitivity to the deflection. Indeed, the tunneling rate is sensitive to deflections on the order of the tunneling length λ, while the Fermi factors f σ α change on the length scale
LD=e 2 , which, for realistic parameters, is much larger (ϵ 0 is the vacuum permittivity, L is the length of the CNT, and D is the distance to the gate; capacitance modeled as a wire above a plane). Therefore, we will ignore the slight dependence on u in the Fermi factors f σ α . In this approximation, the timedependent parts of the general solutions for n ↑ ðtÞ and n ↓ ðtÞ are transient, and the solutions for long times are simply the static solutions n σ ðtÞ ¼ n st σ . One can immediately see that the two single-electron terms in the capacitive force of Eq. (2) do not change in time and, thus, cannot lead to a mechanical instability. In contrast, however, the probability of double occupation, P 2 , will change in time. It enters into the force (2) via the electron-electron interaction term and leads to a dynamical backaction force that can cause a mechanical instability. The fact that n ↑ and n ↓ do not change in time means that the average QD charge −eðn ↑ þ n ↓ Þ is constant. That there can still be a time-dependent capacitive force may seem surprising at first. However, the average of the square of the charge, e 2 ½n ↑ þ n ↓ þ 2P 2 ðtÞ, does change in time. Hence, there is a dynamical feedback in the system generated by charge variations on the CNT, although these variations do not affect the average charge at any given time.
To investigate the stability of the mechanical subsystem, one could at this point linearize Eqs. (4) and (1) [28] ). For dimensionless deflection xðtÞ ≡ uðtÞ=λ, time τ ≡ tω, and total tunneling rateΓðxÞ ≡ ΓðuÞ=ω, the closed equation for the mechanical motion is
H Y S I C A L R E V I E W L E T T E R S
where F st is the static component of the capacitive force, F is the dynamic backaction force from the electronic subsystem,
which is a functional of the mechanical deflection, and ε ¼ ð−∂ u UÞW=ðm eff ω 3 λUÞ. We see that the backaction force is, as already mentioned, proportional to the static component of the heat flow (see Supplemental Material [28] ):
where
As mentioned above, the dynamic backaction force is entirely generated by the variations in the probability to be in the double-populated state, P 2 ðtÞ. Hence, the positions of the single-electron levels affect the force only quantitatively; see Eq. (8).
The electrostatic backaction force pumps the mechanical motion and can lead to a mechanical instability. To see when the instability occurs, we linearize Eq. (5) around the static displacement. By analyzing the Lyapunov exponents of xðtÞ, the criterion for mechanical instability is found to be
The instability threshold is reached when the heat-flow-induced pumping overcomes the intrinsic mechanical damping of the CNT. The suggested actuation mechanism relies on two effects. First, the Coulomb interaction energy responsible for the heat flow depends on the mechanical deflection and thus generates a force on the mechanical motion, i.e., −∂ u U ≠ 0; see Eq. (9) . Second, the mechanical deflection also affects the tunneling and thereby the electron dynamics, establishing a dynamical feedback. This is seen in the condition (9), since if the tunneling is insensitive to the mechanical deflection, λ → ∞, the instability criterion cannot be met. Furthermore, the direction of the feedback force changes with that of the temperature difference; see Eq. (8) . This means that the effect of the mechanism can be switched between pumping and damping by reversing the direction of the heat flow, regardless of the direction of the electrostatic force.
To estimate the experimental feasibility of the suggested actuation mechanism, we assume typical parameter values (see Table I ) and rates optimal for pumping, Γ ↑ ¼ Γ ↓ ¼ ω=2. The condition (9) then reduces to ξðT ↑ ; T ↓ Þ > 10 3 =Q. This looks promising from an experimental viewpoint, since the magnitude of ξðT ↑ ; T ↓ Þ grows with the temperature difference, asymptotically approaching 1=4 when
When the instability criterion (9) is fulfilled, the CNT begins to vibrate with increasing amplitude. The amplitude is eventually stabilized, since the pumping efficiency decreases with the amplitude. To find the stationary amplitude, we exploit the smallness of ε (see Table I ) and use the Krylov-Bogoliubov averaging method [31] on Eq. (5). It is then assumed that the CNT deflection has the form xðτÞ ¼ x st þ AðτÞ cos½τ þ ϕðτÞ, where both the amplitude AðτÞ and the phase ϕðτÞ are slowly varying functions. We get an equation for the rate of change of the amplitude:
A stable oscillation is reached when the backaction pumping is balanced by the mechanical damping. Numerical calculations of the pumping term in Eq. (10) are presented in Fig. 3 (see the figure caption for the parameters). We see that the amplitude of the oscillations stabilizes at a value on the order of λ, the tunneling length. We estimate the heat-engine efficiency of the system at these parameters to less than one percent for k B T ↑ > U. If the quality factor is increased to Q ¼ 10 5 , we reach efficiencies of a few percent. When k B T ↑ ≫ U ≫ k B T ↓ , we find that the temperature dependence of the efficiency becomes negligible and it becomes dominated by geometrical factors.
We have proposed an electromechanical instability in a system without an exchange of electrons between the reservoirs. In the presented prototype system, the electronic current through the device was blocked by a spin-valve effect. However, spin polarization is not a requirement. Another way to prevent the charge current would be to use two spatially separated two-level QDs. Tunneling between the QDs can then be suppressed while the electron-electron interaction remains significant. [29, 30] .
The mechanical vibrations could be detected by, e.g., applying a magnetic field perpendicular to the CNT and its motion. A charge residing on the CNT would then experience a Lorentz force which alternates with the deflection. The mechanical vibrations can then be read out by measurement of the resulting alternating current between the two leads. Note that the current does not flow between the reservoirs referred to in our system, since the two leads together constitute a single reservoir.
In conclusion, we have shown that a nanoelectromechanical system can be actuated by a heat flow using a positiondependent electron-electron interaction. This actuation mechanism differs from many others in that it does not involve any charge or spin current nor any external ac fields. The amplitude of the actuated oscillations is stabilized, since the pumping efficiency decreases with the amplitude. Our estimations show that the considered phenomena can be studied using existing experimental techniques.
We thank the Swedish Research Council (VR) for funding. FIG. 3 . The intrinsic mechanical damping (dashed line) and heat-flow-induced pumping (solid lines), given by the first and second term, respectively, in the rhs of Eq. (10) . If the pumping overcomes the damping, the system is actuated to an amplitude where the two are balanced (line intersections). We use parameters as in Table I and Γ σ ¼ ω=2, E σ 1 ¼ −U=2 (σ ¼ ↑; ↓), which are the optimal values for pumping, and Q ¼ 3 × 10 4 . The pumping is shown for different temperatures T ↑ of the hot reservoir, while the cold reservoir is kept at T ↓ ¼ 0.1 K.
